In order to identify the optimal structure of an electricity power network under the main assumption of a price dependent demand of electrical energy, we presented an optimization model that aims at analyzing the effect of price-dependent demand on the sustainable electrical supply chain system (SESCS). The system included a power generation system, transmission and distribution substations, and many customers. The electrical energy was generated and transmitted through multiple substations to our customers, and the demand for electricity by the customers is dependent on the price of electricity. In the study, we considered the transmission and the distribution costs which depend on the capacities of power generation, transmission rates and distances between stations. We utilized the inventory theory to develop our model and proposed a procedure to derive an optimal solution for this problem. Finally, numerical examples and sensitivity analysis are provided to illustrate our study and consolidate managerial insights.
Introduction
In recent years, the consumption of electricity has increased rapidly. Total electricity consumption in the U.S. in 2015 was more than13 times greater than in 1950 [1] . According to the electricity consumption for residential, commercial, transportation and industrial sectors has been increasing since 2015. At the end of 2018, an upsurge in the residential electricity use is predicted to occur at a rate of 100 million kWh/day, due mainly to the need for air-conditioning in homes due to increasing climate change.
The variations in electricity price can influenced the demand for electricity. The prices of electricity are set to reduce the variations in demand. Therefore, it is usually highest in the summer when total demand is high (at peak hours). In general, prices are usually higher for residential and commercial customers because it costs more to distribute electricity to them. The electricity price for industrial use is usually cheaper due to government regulation and the economics of scales [1] . With the projected consumptiongrowth and the variations in the price of electricity, our research is to provide insight to government and practitioner in their energy policy.
Banbury [2] was the first to study the electricity supply chain. A literature survey on electricity market models has been done by [3] . The model to predict electricity consumption has been developed by [4] . The electricity prices and expansion planning of power capacity has been optimized by using a stochastic programming by [5] . Genoese and Genoese [6] developed a model to measure of energy storage by applying the agent-based simulation. Pavković et al. [7] investigated the impact of high-speed wind energy for optimizing electrical energy storage systems. A mathematical model to find the break-even point of increasing electrical power capacity and electricity supply uncertainty has
Analogies between Sustainable Electrical Supply Chain System (SESCS) and Supply Chain Inventory System (SCIS)
In this section, we explain the problem description of SESCS with price-dependent demand. In this study, it is shown that determining the capacity of SESCS has the same process or analogy as determining the order quantity in the Supply Chain Inventory System (SCIS). The SCIS involves a vendor-buyer coordination and freight forwarding [27] . The buyer sells items to the end-customers and orders items to the vendor. The vendor produces the items and sends in batch to the buyer. The buyer will then sell the items to the customers.
Similarly, in SESCS, electricity generated in a power generation will be transmitted through a transmission line and distribution substation to the customers whose demands are influenced by the price of electricity. The electricity demand is represented as D(p) kWh per year. The power generation produces the electricity in a batch size of Qtgnm kWh where m is power generation's factor, n is transmission factor's impact on the transmission substation and g is distribution factor's effect on the distribution substation (integer). The finite power supply rate is P kWh per year, [P > D(p)] and a fixed setup cost of $S. The electricity energy of Qtgn kWh is supplied by the power generator to the transmission substation, then Qtg kWh of electricity is supplied to the distribution substation and Qt kWh of electricityis consumed by the customers.
In order to maximize the profit of SESCS, we consider the sales revenue, production cost, setup cost of the power generation, ordering cost of customers and transmission/distribution costs of substations. The transmission and distribution costs are function of the power plant, the transmission substation and the distribution substation with maximum capacities of W x p , W x t , W x d , respectively. The analogies between SESCS and SCIS are depicted in Figure 1 . 
Assumptions
We utilized some notations in the development of the mathematical model (see Abbreviations) and utilized the following assumptions in our model:
1. The model consists of power generation, transmission and distribution substations as wellas multiple customers. 2. Power supply blackouts do not occur. 3. The demand rate of the customers depends on the selling price. 4. We included the four types of demand rate functions:
Increasing linear Increasing quadratic Increasing multiplicative Decreasing multiplicative + + 2 + − where,β > 0 is a scaling factor, and > 1is a price elasticity coefficient. 5. The finite power supply rate P is higher than the demand rate of the customers, [ > ( )]. 6. The power consumption is the sum of the electricity consumed by customers from ith to
). The electricity consumption for customer ith should be in proportion to his or her electrical demand. There are[ = ( ) / ( )]. 7. The electrical energy ( ) in kWh is the percentage of electricity used ( ) within a particular unit of time ( ) by customers. 8. The amount of electricity energy: at generation is kWh; atthe transmission substation is kWh, at the distribution substation is kWh, and the customers consumed energy is kWh. 9. The maximum capacity of power generation must be greater than at the transmission and distribution substations ( > > ) in KVA. 10. The power generation process will include the transmission and distribution costs.
Mathematical Model
In this section, we explain how we first derived the total cost function with regard to customers, the distribution and transmission substations, and the total profit function of power generation. 
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The model consists of power generation, transmission and distribution substations as wellas multiple customers.
2.
Power supply blackouts do not occur.
3.
The demand rate of the customers depends on the selling price.
4.
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where, β > 0 is a scaling factor, and γ > 1 is a price elasticity coefficient.
5.
The finite power supply rate P is higher than the demand rate of the customers, [P > D(p)].
6.
The power consumption is the sum of the electricity consumed by customers from ith to Nth,
Qi). The electricity consumption for customer ith should be in proportion to his or her electrical demand. There are
The electrical energy (Qt) in kWh is the percentage of electricity used (Q) within a particular unit of time (t) by customers. 8.
The amount of electricity energy: at generation is Qtgnm kWh; atthe transmission substation is Qtgn kWh, at the distribution substation is Qtg kWh, and the customers consumed energy is Qt kWh. 9.
The maximum capacity of power generation must be greater than at the transmission and distribution substations W x p > W x t > W x d in KVA. 10. The power generation process will include the transmission and distribution costs. 
Mathematical Model
In this section, we explain how we first derived the total cost function with regard to customers, the distribution and transmission substations, and the total profit function of power generation.
The Customer's Ordering Cost
Ordering cost is defined as the customer's total cost per unit time:
The Distribution Cost
We utilized the same methodology as [16, [27] [28] [29] to determine the distribution cost, which is incurred by the distribution substation. The distribution cost for partial load F based on the adjusted inverse function can be calculated using the equation below:
where α is the coefficient of the adjusted inverse function (0-1); its function is to increase the transmission rate per kVA per mile as the W y d increases. The distribution cost per kVA per mile is as follows:
By combining Equation (2) into Equation (3) and simplifying, we can determine the unit rate:
The estimated total cost for the distribution substation as a function of demand, correction factor and distance with adjusted inverse yields is shown in the equation below:
The actual power supply capacity is presented as (W y d = Qtg∆). Therefore, the distribution cost can be expressed in the following equation:
Total Cost Incurred by the Transmission Substation
This total cost consists of the energy holding cost and transmission cost. We calculated the average of these two elements using the equation below:
where, E = Qt, the energy holding cost at the transmission substation is represented below: We used the same methodology to determine the percentage of the transmission cost of distribution (Equation (6)), which can be calculated using the equation below:
Thus, the total cost incurred at the transmission substation is the sum of Equations (8) and (9) . Therefore, we calculated the total cost of the transmission substation using the following equation:
Total Profit of Power Generation
The total profit of power generation can be presented by the expression: Total profit = sales revenue − production cost − setup cost − holding cost − transmission cost. The electricity sales revenue and production cost are given in the following equation:
Power generation creates electrical energy in (Qtgnm) kWh in one production run. Therefore, we determine the setup cost for power generation using the equation below:
The electrical energy, E = Qt, the production energy (Egnm), and the transmission station receive the electricity in m times of (Egn). The average energy holding for the generation of power can be evaluated as follows:
Equation (13) can be rewritten as:
Hence, the power generation's energy holding cost is determined via the following equation:
Similar to the previous transmission cost, the production energy (Qtgnm) can be calculated via the capacity of power generation W x p , and network from the power generation to the transmission substation d p . Thus, the transmission cost can be calculated as follows:
Hence, the total profit for power generation can be expressed by:
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The joint total profit is the total profit of power generation and the total cost incurred by the customers, the distribution substation, and the transmission substation, which is illustrated below:
The following is a simplified version of the equation above:
Therefore, Equation (19) can be rewritten as follows:
We examined the effect of (g, n, m) on Π(Q, g, n, m) on fixed Π(Q) by employing the first and the second partial derivatives of Equation (24) with respect to (g, n, m):
and:
For the fixed-integers (g, n, m), the function of Π(Q,g,n,m) is a concave function of (Q). Hence, the maximum value of Π(Q,g,n,m) is located at point (Q * ), which satisfies the optimal solution for fixed-integers (g, n, m), we utilized the partial derivatives with respect to Q, as shown in the following equation:
In the equation below, we set Equation (31) equal to zero and solved for, Q.
Procedure
In order to obtain the optimal solution values for the proposed model, we established the procedure below:
Step 1 a.
We set m = 1. b.
We set n = 1. c.
We set g = 1.
Step 2 We calculated the optimal Q* by using Equation (32).
Step 3 Next, we calculated the actual electrical power capacities. ) and moved on to Step (4).
Step 4 We computed Π(Q,g,n,m) using Equation (24).
Step 5 We set g = g + 1 and repeated Steps (2 to 4).
Step
Step (5) . If it was equal, we moved on to Step (7).
Step 7 We set n = n + 1 and repeated Steps (1c to 6).
we went on to Step (7). If they were equal, we moved to Step (9).
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Step 9
Step 9 We set m = m + 1 and repeated Steps (1b to 8).
Step (9), otherwise we went to Step (11).
Step 11 We set Π(Q * , g * , n * , m * ) = Π Q * m−1 , g * m−1 , n * m−1 , m − 1 , then (Q * , g * , n * , m * ) were the optimal solution.
Numerical Example
In this example, we utilized artificial data to demonstrate the application of the model. The data values are given in Tables 1-3 . Using the mathematical model developed in previous section, we solved for the parameters given above. Table 4 shows the details of the procedure for obtaining the optimal solution. The optimal values are as follows: the customer power consumption, Q* = 350 kW or 350,000 Watt; the electrical power factors of the distribution, the transmission and the power generation are 1, 2 and 7 times, respectively. Thus, the total profit is $17,712.07/year. In our solution (Table 5) , we have m = 7 batches. It means the electricity produce by the power generatorhas a total power of 117,600.00 kWh. But not all the electricity (117,600.00 kWh) generated is transmitted at once, butin 7 times with 16,800.00 kWh each. Since the generator has a device to minimize the holding cost (Equation (15)) of the electricity, for each batch, the transmission substation receives 16,800.00 kWh of electricity; it then transmits in two batches to the distribution station at 8400 kWh each. This is done to minimize the transmission cost (Equation (9)) and distribution cost (Equation (6)).
Based on those results, the electrical power consumption of customers 1, Table 5 .
Discussion
In this section, we discuss the effect of changes in the parameters as well as summarize the results of the sensitivity analysis.
Price Elasticity Coefficient (γ)
In the equation discussed above, we set the price elasticity coefficient (γ) to 5. Here, we discuss the effect of changing this coefficient from 5 to 50. Table 6 and Figure 2 show that if the price elasticity increases, then the total profit increases by an average of 0.02%. Table 6 shows an increase in the demand for customers 1, 2 and 3 and contrasts these results with customer 4 s demand. We set the demand function for customer 4 as decreasing. In many practical situations, the price elasticity can be a result of advertising that allows marketers to achieve higher profits.
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Discussion
Price Elasticity Coefficient (γ)
In the equation discussed above, we set the price elasticity coefficient (γ) to 5. Here, we discuss the effect of changing this coefficient from 5 to 50. Table 6 and Figure 2 show that if the price elasticity increases, then the total profit increases by an average of 0.02%. Table 6 shows an increase in the demand for customers 1, 2 and 3 and contrasts these results with customer 4′s demand. We set the demand function for customer 4 as decreasing. In many practical situations, the price elasticity can be a result of advertising that allows marketers to achieve higher profits. Figure 3 present the impact of the scaling factor of demand (β). The results are similar to the price elasticity coefficient on the optimal solutions. They show that when the scaling factor increases, consumer demand, power consumption, and total profit also increase. The parameters D1(p), D2(p), D3(p), D4(p), Q and Π increase (6.66% to 15%), (6.66% to 14.9%), (6.66% to 14.9%), (6.7% to 15%), (−8.2% to 8%), and (10.6% to 30%), respectively. Table 7 and Figure 3 present the impact of the scaling factor of demand (β). The results are similar to the price elasticity coefficient on the optimal solutions. They show that when the scaling factor increases, consumer demand, power consumption, and total profit also increase. The parameters D 1 (p), D 2 (p), D 3 (p), D 4 (p), Q and Π increase (6.66% to 15%), (6.66% to 14.9%), (6.66% to 14.9%), (6.7% to 15%), (−8.2% to 8%), and (10.6% to 30%), respectively. 
Scaling Factor (β)
Price of Electricity (p)
We examined the effects of changes in the price of electricity (p) starting from $1.16/kWh to $1.25/kWh. It must be noted that we kept the production cost at (v = $0.85/kWh). Table 8 and Figure 4 show that the results were not affected by changes in the customer demand function. The results show that the price of electricity is also not affected by optimal power consumption. If the price of electricity was to increase and the production cost was to remain unchanged, then the total profit would increase from 5.27% to 9.12%. 
We examined the effects of changes in the price of electricity (p) starting from $1.16/kWh to $1.25/kWh. It must be noted that we kept the production cost at (v = $0.85/kWh). Table 8 and Figure 4 Energies 2018, 11, 1645 12 of 18 show that the results were not affected by changes in the customer demand function. The results show that the price of electricity is also not affected by optimal power consumption. If the price of electricity was to increase and the production cost was to remain unchanged, then the total profit would increase from 5.27% to 9.12%. 
Production Cost (v)
Next, we examined the effects of changes in the production cost (v). In this case, we set the price of electricity to $1.20/kWh and production costs from $0.75/kWh to $1.10/kWh. We assumed that the production cost would not be more than the price of electricity (v<p). Table 9 and Figure 5 show that the customer demand function is similar to the price of electricity in that it is not affected by changes in production cost. In contrast, the results showed that the production cost is affected by the optimal power consumption, which decreases at an average of −0.36%. If the production cost increases and the price of electricity remains unchanged, then the total profit will decrease by −21.03% to −423.85%. Therefore, the profit resulting from the production cost is different from the profit resulting from the price of electricity. 
Next, we examined the effects of changes in the production cost (v). In this case, we set the price of electricity to $1.20/kWh and production costs from $0.75/kWh to $1.10/kWh. We assumed that the production cost would not be more than the price of electricity (v < p). Table 9 and Figure 5 show that the customer demand function is similar to the price of electricity in that it is not affected by changes in production cost. In contrast, the results showed that the production cost is affected by the optimal power consumption, which decreases at an average of −0.36%. If the production cost increases and the price of electricity remains unchanged, then the total profit will decrease by −21.03% to −423.85%. Therefore, the profit resulting from the production cost is different from the profit resulting from the price of electricity. 
Power Supply Rate (P)
In addition, we examined the effects of changes in the power supply rate (P), assuming that it is higher than customer demand (P>D(p)). For example, we investigated changes in the power supply rate starting from 300,000kWh/year, 325,000kWh/year to 975,000kWh/year. We found that if the power's supply rate rises (the demand of the customers will be unchanged) the impact on total profit will decrease (average −0.41%), which is caused by the fact that if the holding cost of electricity increases, the power supply rate will also increase. However, if the power supply rate and customer demand of customer increase simultaneously, profitability increases. Further, we also analyze with some combination of parameters. The results are shown in Table 10 and Figure 6 . 
In addition, we examined the effects of changes in the power supply rate (P), assuming that it is higher than customer demand (P > D(p)). For example, we investigated changes in the power supply rate starting from 300,000 kWh/year, 325,000 kWh/year to 975,000 kWh/year. We found that if the power's supply rate rises (the demand of the customers will be unchanged) the impact on total profit will decrease (average −0.41%), which is caused by the fact that if the holding cost of electricity increases, the power supply rate will also increase. However, if the power supply rate and customer demand of customer increase simultaneously, profitability increases. Further, we also analyze with some combination of parameters. The results are shown in Table 10 and Figure 6 . 
Effect of Changes on Combination of Parameters
6.6.1. Price Elasticity Coefficient (γ), Scaling Factor (β), and Power Supply Rate (P)
In this analysis, we examined the effects of changes on the price elasticity coefficient (γ), scaling factor (β) and power supply rate (P). Table 11 and Figure 7 show that if these variables increase simultaneously, then the total profit will increase significantly at an average of 7.57%. In this analysis, we examined the effects of changes on the price elasticity coefficient (γ), scaling factor (β) and power supply rate (P). Table 11 and Figure 7 show that if these variables increase simultaneously, then the total profit will increase significantly at an average of 7.57%. 
Price of Electricity (p) and Production Cost (v)
Last, we examined the effects of changes in the price of electricity (p) and production cost (v). Table 12 and Figure 8 show that if these variables increase simultaneously, this will cause a significant decrease (−20.30% to −1,633.38%) in total profits. The decrease of total profit is dependent on a stepwise decline in the price of electricity and production costs. Last, we examined the effects of changes in the price of electricity (p) and production cost (v). Table 12 and Figure 8 show that if these variables increase simultaneously, this will cause a significant decrease (−20.30% to −1,633.38%) in total profits. The decrease of total profit is dependent on a stepwise decline in the price of electricity and production costs. 
Conclusions, Managerial Implications and Directions for Future Research
In this paper, we propose a mathematical model thatassumes price-dependent customer demands. We define and examine four types of customer demands: namely demand may increase linearly, quadratically, multiplicatively or decreasing multiplicatively. The model developedis based on the inventory theory where we examine how the optimal decision variables and the total profits are affected by the price elasticity coefficient (γ), scaling factor (β), price of electricity (p), production cost (v) and the power supply rate (P) parameters.
The sensitivity analysis illustrates that the price elasticity coefficient (γ), scaling factor (β) and price of electricity (p) are significant in maximizing the profit. When the forementioned parametersincrease, the consumer demandsalso increase. When other parameters remain the same, it is obvious that the profit will decrease when the production cost (v) and power supply rate (P) 
The sensitivity analysis illustrates that the price elasticity coefficient (γ), scaling factor (β) and price of electricity (p) are significant in maximizing the profit. When the forementioned parametersincrease, the consumer demandsalso increase. When other parameters remain the same, it is obvious that the profit will decrease when the production cost (v) and power supply rate (P) increase. Based on our results, we provide insights to the production and marketing managers in designing a profitable and sustainable electrical energy supply chain.
For future study, researchers may wish to extend the proposed model to include mark-up pricing or subsidized electricity pricing. Scholars may also consider incorporating discount pricing strategies as well as the effect of carbon emissions. Moreover, researchers may wish to look into a more complex type of electrical supply chain, such as a multi-transmission and distribution substation. 
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Abbreviations
α
The power supply loss factor, 0 ≤ α ≤ 1.
β The scaling factor, β > 0.
γ The price elasticity coefficient, γ > 1.
